Today, RP-HPLC employing a hydrocarboneous bonded stationary phase, typically an n-octadecyl silanized packing surface with a hydro-organic mobile phase, has been quite popular for the separation of a wide variety of mixtures. The RP-HPLC separation processes are thought to be controlled by the so-called hydrophobic interaction 1 at work on phasepartitioning event of solute molecules between the mobile and stationary phases. Because the retention of solutes depends on the solute-solvent interaction, 2,3 manipulation of the organicsolvent content in the mobile phase is reasonably important. In addition, the stationary phase also plays a highly active role in chromatographic processes. It has been speculated that as the content of an organic solvent in a mobile phase decreases, the bending and tangling of alkyl chains on the particle surface take place through a hydrophobic interaction, 4 which doubtless reduces the separation efficiency. Modifiers in the mobile phase, which are employed for the benefit of separation improvement, strongly affect RP-HPLC processes in two ways: partitioning of the solutes and solvation of the stationary phase.
Introduction
Today, RP-HPLC employing a hydrocarboneous bonded stationary phase, typically an n-octadecyl silanized packing surface with a hydro-organic mobile phase, has been quite popular for the separation of a wide variety of mixtures. The RP-HPLC separation processes are thought to be controlled by the so-called hydrophobic interaction 1 at work on phasepartitioning event of solute molecules between the mobile and stationary phases. Because the retention of solutes depends on the solute-solvent interaction, 2,3 manipulation of the organicsolvent content in the mobile phase is reasonably important. In addition, the stationary phase also plays a highly active role in chromatographic processes. It has been speculated that as the content of an organic solvent in a mobile phase decreases, the bending and tangling of alkyl chains on the particle surface take place through a hydrophobic interaction, 4 which doubtless reduces the separation efficiency. Modifiers in the mobile phase, which are employed for the benefit of separation improvement, strongly affect RP-HPLC processes in two ways: partitioning of the solutes and solvation of the stationary phase.
The interaction between the nonpolar moiety of a molecule and water, the so-called hydrophobic interaction, is an important factor in many physicochemical processes: for example, protein denaturation, [5] [6] [7] surfactant micellization and absorption. 8 More basically, the slight solubility of hydrocarbon liquids in water is easy to observe but unexpectedly difficult to explain. 9 It is generally accepted that the hydrophobic interaction is due to an increased "ordering" or "structuring" of water molecules in the close vicinity of a nonpolar solute. 10 Thus a very common conclusion is that the small solubility of nonpolar solutes in water results from this entropy-unfavorable structuring processes. Here, we define an additive which destroys the structure of pure water as a "water structure breaker", 11 such as urea and guanidium chloride (GuCl). In fact, that the longrange order inherent in water solvent is destroyed in urea solution has been demonstrated using nuclear magnetic resonance spectroscopy. 12 Urea and GuCl are also well-known as powerful protein denaturants. [13] [14] [15] [16] In addition, the solubilities of some hydrocarbons in water increase in the presence of urea. 11, 17 An explanation for this phenomenon is that the breakup of a strengthened water structure ("iceberg" structure 18 ) around the nonpolar solutes is quite readily achieved by the "hydrophobic interaction breakers". So far, most investigations of water structure-breaking agents have been focused on their effects on some physicochemical phenomena: micelle formation, 19, 20 self-association of dyes, 21 protein denaturation, etc. In contrast, there have been few studies that utilized water structure-breaking agents in separation techniques. Urea has often been used only as a denaturant or an unfolding agent in the hydrophobic interaction chromatography of protein. 22 Urea
Organic solvent-free mobile-phase systems in ion-pair reversed-phase partition high-performance liquid chromatography (IPRP-HPLC) are demonstrated; using urea at 3.0 -7.0 molal (mol kg -1 ) as a modifier in a mobile phase on an octadecylsilanized silica column, four nitrophenolates and metal 4-(2-pyridilazo)resorcinol (PAR) chelates (in PAR chelates system an aqueous mobile phase with 15 wt% methanol was used) were separated rapidly within 6 min at no sacrifice to the separation efficiency. On the addition of urea in the mobile phase, reduced retention times of nitrophenolates and naphthalenesulfonates and also diminution of the height equivalent to a theoretical plate were observed. The addition of urea and guanidium chloride (GuCl) in the mobile phase gave rise to a decrease in the mobile phase volume; in turn, this meant an increased volume of the stationary phase. As the concentration of urea and GuCl in the mobile phase increased, the volume of the mobile phase in the column decreased within about 70% and 40% at 7.0 molal of urea and GuCl, respectively. A decrease in the mobile phase volume suggests an increase in the extent of solvation of the bonded hydrocarbon chain of the stationary phase. The possible explanations for the LC behavior with the urea and GuCl are turned into reduction of hydrophobic interaction in LC processes, solute partitioning and entangling of alkyl chain brushes, with the addition of urea. The water structure breakers, urea and GuCl, most likely affect the solvation states of both solute molecules and the hydrocarboneous stationary phase by changing the nature of the water solvent, which provides a new technique for fine tuning of the LC resolution of the analytes. † To whom correspondence should be addressed. T. T., E-mail: toru@analchem.che.tohoku.ac.jp H. H., E-mail: hoshino@analchem.che.tohoku.ac.jp was added to the polyethylene glycol (PEG) matrix in polymermediated capillary zone electrophoresis for the separation of substituted benzoic acids, expecting the prevention of a hydrogen-bonding interaction between PEG and analytes. 23 In micellar electrokinetic chromatography, the addition of a high concentration of urea was used to control the miceller size in an eluent. 24 In the present work, the successful use of water structurebreaking agents as a new control factor of hydrophobic interaction in the IPRP-HPLC processes was demonstrated. An organic solvent free RP-HPLC using water structure breaking agents, such as urea and GuCl, is described for the simple ionpair partition mode. The excellent performance of this powerful alternative, including reduction of the total retention time, peak sharpening, and resolution enhancement, is exemplified by the separation of some charged metal chelates and simple organic anions.
Experimental

Reagents and apparatus
All reagents were of guaranteed reagent grade. The reagent, 4-(2-pyridilazo)resorcinol (PAR), was purchased from Dojindo Laboratories (Kumamoto, Japan) and used in a solution ca. 1.0 × 10 -3 M, which was prepared by dissolving in a slightly alkaline (pH 9 -10) aqueous solution. A typical procedure for complexation of PAR chelates was as follows. To a sample solution containing metal ions, a PAR solution and a pH buffer component were added and diluted to 25 mL with water. An aliquot of the solution was injected with a 100 µL loop injector. The buffered mobile phase at pH 7.9 with Tris-HCl buffer contained 1.0 × 10 -2 molal (mol kg -1 ) of sodium chloride as an ion-pairing agent and 1.0 × 10 -3 molal of the buffer component. The ordinary LC set-up used consisted of a JASCO PU-980i pump unit, a JASCO UV-970 spectrophotometric detector, a JASCO CO-960 constant-temperature column oven and a Rheodyne 9125 loop injector.
Prepacked columns with octadecylsilanized silica employed were a LiChrosphere RP-18 (4 mm i.d., 65 mm length, Merck, Germany) and a Guardgel ODS 80 Tm (3.2 mm i.d., 15 mm length, TOSO, Japan). Six anions (2-nitrophenolate, 4-nitrophenolate, 2,4-dinitrophenolate, 3,5-dinitrophenolate, 1-naphthalenesulfonate and 1-naphthol-2-sulfonate) were used as test solutes in an ion-pair mode with sodium cation at pH 7.9 where the mono negative species are predominant.
Estimation of LC data
The temperature of the separation column was kept at 298 K with a constant-temperature column oven throughout the experiment. The capacity factor, k′, of the particular anion was calculated with the retention data using
where tR and t0 are the retention time and non-retarded component (solvent front), respectively. The height equivalent to a theoretical plate (HETP, H/mm) was calculated using
where L and N are the column length in millimeters and the number of theoretical plates, respectively. N is given by
where W1/2 is the half band width of the peak. The mobile-phase volumes in a column under the various conditions were evaluated with the product t0 by pump flow rate. For an accurate evaluation of the mobile-phase volume, the dead volume of the flow system and pump flow rate was checked separately.
Results and Discussion
In this paper, in order to neglect the contribution of the hydrophobic interaction on the ion-pairing of charged solute through the LC partitioning process, the simple ion-pairing mode (IP) using hydrophilic counterion agent 25 was chosen; sodium chloride was used as a small, hydrophilic ion-pairing agent for separating anionic solutes.
Addition of urea in an aqueous mobile phase of lower methanol content
In general, the use of an aqueous mobile phase of lower organic solvent contents (below 20 wt% aqueous methanol) doubtlessly reduces the separation efficiency. 4 Figure 1 leading an improvement in the peak shape. These results indicate that the addition of urea in the mobile phase of a lower organic modifier content is effective to improve the separation efficiency.
Addition of urea in a neat aqueous NaCl mobile phase
The HETP, H, of four nitrophenolates (NP) and two naphthalenesulfonates (NS) with an aqueous urea mobile phase (with no organic solvent) are shown in Table 1 . The addition of urea to the mobile phase gave rise to a decrease in the H values for all solutes, which indicates that the addition of urea to the water mobile phase is very favorable to improve the separation efficiency of the column. Figure 2 shows the variation of the capacity factors of NP and NS with the additive concentrations in the aqueous mobile phase.
Along with increased concentrations of urea, and methanol, the k′ values decreased for all solutes. These results show that the variation in the concentration of urea in the eluent seemingly alters the retention of the solutes in a manner similar to the conventional methanol-water mobile phase. However, it should be stressed that the addition of urea gives rise to a very slight change in the dielectric nature of the aqueous urea solution, 26 which is the entire difference to the aqueous methanol system.
The variation in the k′ value stems from two processes that are closely related to each other: a partitioning event of solutes between two LC phases and the nature of the alkyl-bonded stationary phase. This is in turn a matter of a simple relation of the solute
where φ and K are the phase ratio and the partition constant, respectively, and are defined as
where Vs and Vm are the volume of the stationary phase and the mobile phase in the column, respectively, and [S]s and [S]m are the concentrations of a solute in the stationary phase and the mobile phase, respectively. As shown below, using the new mobile-phase modifiers, such as urea, increasing the modifier concentration in the mobile phase induces an increased φ and a reduced K. The reduction of the k′ value with increasing urea concentration in the mobile phase, as shown in Fig. 2 , suggests that the magnitude of the reduction in the K value with urea addition prevails over that of the increase of φ value. Figure 3 shows a simple schematic representation of the solute partitioning process in the RP-HPLC system, where the role of an entropic effect is emphasized. In the LC partitioning process of hydrophobic solutes, the release of a large and negative entropy, which originated from an enhanced structuring of water around the solute molecules, enforces the transfer process of solutes from the aqueous mobile phase to the hydrocarboneous stationary phase. Thus, a decrease in the structuring of water around the solutes in the presence of urea diminishes the K values. In Fig. 2(A) , an approximately linear relationship exists between log k′ and the concentration of urea in the mobile phase. In RP-HPLC, it has been reported that there is a linear relationship between log k′ and the content of the organic modifier in the aqueous mobile phase, and that the magnitudes of the slope depend on the size of solute molecules. 27 It should be noted that, as shown in Fig. 2(A) , the 849 ANALYTICAL SCIENCES JULY 2001, VOL. 17 Table 1. log k′ drop-off for NS is steeper than those for NP, reflecting the differences in the molecular bulkiness because, in general, the structuring of water around nonpolar solutes is most likely facilitated by increasing molecular bulkiness. On the other hand, the value of φ increases for increasing Vs (the number of solvent molecules penetrated in alkyl chains bonded on silica substrate). It is clear that the mobile-phase modifier, urea, can change the retention behavior and separation efficiency of the solute molecules controlling the two LC processes as the partitioning processes of solute molecules between the two LC phases and influencing the nature of the bonded alkyl chains on the silica substrate.
Effect of water structure breaker agents on the solvation of hydrocarboneous brushes on ODS packing
In RP-HPLC, the physical picture of the partitioning is considered as embedding of solute molecules between the chains of a octadecyl groups on the stationary phase. The condition of hydrocarboneous brushes, i.e. the extent of solvation of the bonded stationary phase, therefore exerts great effects on the LC partitioning process and the separation efficiency.
In Fig. 4 , a plausible depiction of the hydrocarboneous brushes in solvated and aggregated forms is given. The extent of solvation of alkyl chains bonded on the silica substrate can be estimated by measuring the change in the mobile phase volume. 28, 29 The stationary phase is a ternary system consisting of a silica substrate, a bonded organic chain, and penetrating solvent molecules. 30 The models shown in Fig.  4 show the factors which contribute to the volume change of the stationary phase: conformational change of the bonded alkyl chains, and numerical change of the solvent molecules penetrating into the bonded organic phase. Assuming that the total volume of the column is constant, the diminution of the mobile-phase volume implies an increase in the stationaryphase volume, which is a good measure of the state of solvation of the stationary phase surface. The change in the relative mobile phase volume with the concentrations of the mobilephase modifiers is shown in Fig. 5 .
With increasing concentrations of urea and GuCl, the mobile-phase volume is reduced; that is, the volume of the stationary phase is increased. The data shown in Fig. 5 indicate that the φ value becomes considerably large upon the addition of urea and GuCl.
Apparently, the mobile phase modifiers (methanol urea and GuCl) play a similar role in the solvation of alkyl chains bonded on a silica substrate. In the case of an aqueous methanol mobile phase, "direct" solvation (heteroselective solvation 31 ) of hydrocarboneous brushes by methanol molecules seems to be predominant. In RP-HPLC with an aqueous methanol mobile phase, it was reported that methanol molecules are adsorbed on bonded organic moiety. 28 In other words, the bonded alkyl chains on a silica substrate are preferentially solvated by methanol molecules in the mobile phase. 29 Unfortunately, the surface chemistry of the hydrocarboneous brushes in this LC system is still ambiguous. The transfer process of hydrocarbons from pure water to 7.0 M urea, and to 4.9 M GuCl, is spontaneous owing to a positive entropy gain. 17 Thus, in the aqueous water structure breaker mobile phase, it is very likely that the favorable entropic force associated with the destruction of the iceberg structure results in a dispersion of bonded octadecyl chains librating the coalesced form in pure water as shown in Fig. 4 . A high permittivity and viscosity of an aqueous urea solution 26, 32 is indicative of the existence of strong cooperative structures between urea and water through hydrogen bonding. 33 It does not seem that urea or guanidium ion is directly adsorbed on the superficial alkyl chains on the 850 ANALYTICAL SCIENCES JULY 2001, VOL. 17 Fig. 3 Schematic representation of the partitioning process in the RP-HPLC system. The partitioning process of a hydrophobic solutes is enforced by the release of water molecules of a highly ordered region around the solute molecules, "iceberg" structure. ODS substrate. It can be concluded that urea destroys some "icebergs" 18 which are formed around the aggregated long alkyl chains on silica substrates, and that the cavities formed by urea and water are more favorable to accommodate the octadecyl chains at the stationary phase-mobile phase interface. Hence, the addition of urea to the mobile phase is probably effective in terms of the mass-transfer kinetics in the RPLC system; the mobility of the solute molecules is enhanced in the loosely assembled stationary phase, which contributes in part to an enhancement to the separation efficiency.
A possible explanation for the solvation mechanisms of hydrocarboneous chains bonded on a silica substrate with methanol, urea and GuCl (given above) would be supported by a spectroscopic study of the surface chemistry of bonded alkyl chains on the stationary phase, for example with a carbon nuclear magnetic resonance technique. It has been found that the water structurebreaker agents, urea or GuCl as the mobile-phase modifiers used in RP-HPLC, are suitable as conventional organic solvent modifiers. To the best of our knowledge, reversed-phase mode chromatographic separations practicable with an organic solvent free mobile phase containing urea have never been reported. The effects of these water structure breaker agents in several separation systems utilizing hydrophobic ion-pairing, 34 such as solvent extraction, IPRP-HPLC, and ion-association capillary electrophoresis, 35 are now under investigation.
